Tohoku J. Exp. Med., 2009, 219 (2) , 115-120. © 2009 Tohoku University Medical Press For segmental bone defects caused by severe injury and tumor resection, medical techniques to induce bone regeneration are often required due to the body's inability to repair defects beyond a critical size. Recent advances in the field of tissue engineering have developed new procedures enabling bone regeneration (Chu et al. 2007; Kirker-Head et al. 2007 ). Although much progress has been made in bone tissue engineering, ideal results have not yet been reliably achieved. Therefore, small animal models capable of supporting weight-bearing femoral defects are integral parts of orthopedic biomedical research. Rats are widely used as an animal model for segmental bone regeneration. Small animal models are well suited for assessing tissue engineered bone grafts, investigating bone regeneration in critically sized defects, and are easier to handle than larger creatures. Thus, with a small animal model, highly valuable data can be generated from a more reasonable amount of work, time, and cost (Yasui et al. 1997; Isefuku et al. 2000; Jager et al. 2005; Kaspar et al. 2007; Drosse et al. 2008 ). However, a major drawback of experimental studies is the lack of stable and adaptable fixation devices for small animals.
Intramedullary nailing is widely used in small animals ( Kokubu et al. 2003; Chu et al. 2007 ) , however, it does not provide rotational stability. A lack of rotational stability also occurs in plate osteosynthesis, as with the presence of an implant in the healing zone, there is physical interference with the physiological healing process (Heiner et al. 2006; Kaspar et al. 2007 ). Jager et al. (2005) suggested that intramedullary nailing techniques are not appropriate for stabilization of femoral defects.
In previous studies, external fixation was often used to examine segmental defect healing, with the external fixator showing good durability and stability in situ (Einhorn et al. 1984; Mark et al. 2003; Kirker-Head et al. 2007; Kaspar et al. 2008; Strube et al. 2008) . In vitro mechanical testing of external fixators has been shown in several studies (Mark et al. 2003; Mark and Rydevik 2005; Strube et al. 2008; Willie et al. 2008 ). However, these experimental studies did not evaluate the capacity of an adaptable external fixation system for stabilization of critically sized femoral defects and tissue engineered bone grafts in the rat femur. Therefore, in this study an adaptable, monolateral external fixator designed for the rat femur was evaluated for its in vivo capacity to stabilize segmental bone defects and tissue engineered bone grafts inserted into the segmental defect. The fixator was capable of providing compression or distraction, while offering stability and postoperative adjustability for bone compression or lengthening.
Materials and Methods

External Fixator Design
The design of the external fixator is shown in Fig. 1 . The design of the fixator is similar to the one used by other investigators (Yasui et al. 1997; Mark et al. 2003) . The fixator consisted of two clamps made of titanium. The other components were made of stainless steel. The two clamps were connected by a central threaded bar, which allowed for adjustable and controlled distraction and compression. The two clamps were anchored into the two femur fragments with four selftapping, threaded pins, where the threaded portion of the pin had a diameter of 1.1 mm. The four pins, fitted into their corresponding holes in the bone and titanium clamps (with two pins in each of the two clamps) were fastened with locking screws and the central threaded bar. Compression and distraction were obtained using a wrench to adjust the two compression-distraction nuts of the threaded central bar. The total weight of the device was 5.8 g.
Animals and treatment
Twenty-four Male Sprague-Dawley rats (weights 360-400 g) were provided by the Experimental Animal Center Department of the Second Hospital affiliated with Harbin Medical University. All animals received humane care in compliance with "The Principles of Laboratory Animal Care" formulated by the National Society of Medical Research and "The Guide for the Care and Use of Laboratory Animals" published by the U.S. National Institutes of Health (Publication No. 85-23, revised 1996) . All procedures were approved by the Institutional Animal Care and Use Committee.
Critically sized femoral defects were surgically created in the right hind limb of 24 rats. At the time of surgery, 12 rats were randomly assigned to a treatment group (n = 12), in which the femoral defect was filled with BCP blocks seeded BMSCs. In the empty defect group (n = 12) defects were left empty. Radiographs of the operated limb were completed at 0, 2, 4, 8 and 12 weeks post operatively. Animals were sacrificed at 12 weeks postoperatively. The operated femora were then placed into 4% paraformaldehyde at 4°C for histological evaluation.
All surgical procedures were performed under sterile conditions. Anesthesia was induced with sodium pentobarbital (30 mg/kg, administered intraperitoneally). Hair on the right hind limb was shaved and the skin was cleansed with povidone-lodine (10%) solution. Rocephin (20 mg/kg, Roche, Switzerland) was administered subcutaneously before surgery to minimize the risk of infection. Postoperative pain was managed with a subcutaneous injection of buprenorphine hydrochloride after surgery.
Materials
In the experiments, interconnected, porous BCP (kindly supplied by National Engineering Research Center for Biomaterials, Sichuan University, Chengdu, People's Republic of China) was utilized. The BCP was composed of hydroxyapatite ceramic and β -tricalcium phosphate in a 70/30 ratio, with a porosity of about 60-80%, with pores in the 200-400 µ m size range. The BCP was used as cylindrical blocks 4 mm in diameter and 6 mm in length.
BMSCs Culture, expansion and seeding
BMSCs were obtained from the femoral shafts and tibia shafts of 6-week-old male Sprague-Dawley rats, and flushed out using 20 ml of cultured medium expelled gently from a syringe through a 21-gauge needle. The released cells were collected in the flask containing Dulbecco's Modified Eagle's medium low glucose containing 10% fet al. bovine serum and 2% antibiotics (200 mg/ml penicillin and 200 mg/ml streptomycin). Cultures were maintained in a humidified atmosphere of 95% air and 5% carbon dioxide at 37°C. The medium was changed after 48 hours to remove non-adherent cells, and subsequently renewed three times a week. BMSCs at passage three were removed into the Dulbecco's Modified Eagle's medium high glucose containing 10% fet al. bovine serum, 2% antibiotics (200 mg/ml penicillin and 200 mg/ml streptomycin) and osteogenic factors (50 mg/l L-ascorbic acid,10 −8 mol/l dexamethasone and 10 mmol/l βglycerophosphate) (Kawamura et al. 2006 ). The 12 BCP scaffolds were sterilized by ethylene oxide gas, and presented in the osteogenic culture medium for 24 h. BMSCs were cultured in osteogenic medium for 1 week, were released with 0.25% trypsin, centrifuged at 1,200 rpm for 5 min at room temperature, and resuspended to 6 × 10 5 cells/ ml (Einhorn et al. 1984; Kruyt et al. 2008) . The 12 BCP blocks were soaked in this cell suspension for 2 hours in a carbon dioxide incubator. After 2 hours of incubation, each block was placed in the wells of tissue culture plates for subcultures, after which an additional 1 ml of culture medium was added into each well. The cell/scaffold constructs were cultured in a humidified incubator at 37°C with 95% air and 5% CO 2 for 7 days. The medium was changed every 3 days (Wang et al. 2007 ). At 7 days in culture of BMSC/scaffold constructs, the differentiation of BMSCs into osteoblastic phenotype could be demonstrated by the positive staining of alkaline phosphatase and alizarin red. Modified design of the fixator with two clamps made of titanium, threaded bar and two compression-distraction nuts.
Operative procedure A critically sized, unilateral femoral defect rat model was used in this study (Einhorn et al. 1984; Drosse et al. 2008) . Briefly, a 25-mm long skin incision was created over the lateral thigh. The intermuscular septum between the vastus lateralis and hamstring muscles was divided using blunt dissection to reveal the femur. One pair of self tapping threaded pins were placed in a latero-medial plane in the proximal femur and a second pair were similarly placed in the distal femur, leaving the mid-diaphysis readily accessible (Kirker-Head et al. 2007) . A 6-mm-long defect was then created with use of a manual saw in the mid-diaphysis, which was subsequently filled with the BMSCs/BCP in the treatment group. All 4 pins were secured to a threaded bar with 2 locking screws and the central, threaded compression bar. Overlying soft tissues were then routinely closed. Compression was achieved by adjustment of two compression-distraction nuts to move the outside clamp along the bar towards proximal femur.
Radiography
Standardized digital radiographs (DigitalDiagnost, Philips Medical Systems DMC GmbH, Roentgenstrasse 24, D-22335 Hamburg, Germany) of the surgically modified femurs were completed immediately post-implantation, and then at 2, 4, 8 and 12 weeks post-operatively for the duration of the study. Osteotomy gap distance was measured by x-ray film analyses. All films were evaluated in a blind fashion by 2 radiologists using a standardized scale (1. trace radiodense material in defect; 2. flocculent radiodensity and incomplete bridging of the defect; 3. Bridging of the defect in at least one location with material of nonuniform radiodensity; 4. Bridging of the defect on both the medial and the lateral sides with material of uniform radiodensity, with the cut ends of the cortex remaining visible; 5. Obscuring of at least one of the two cortices by new bone ; 6. Bridging of the defect by uniform new bone, with the cut ends of the cortex not seen). All scores at time 0 were assumed a value of 0 (Johnson et al. 1996) . Successful external fixation was defined as (i) no graft dislocation (ii) no diminution of the osteotomy gap (iii) no pins pulled out from the bone (iv) no breakages due to fatigue (v) no bone fractures caused by the presence of pinholes.
Histology
Animals were sacrificed 12 weeks post operatively. Femoral explants were fixed in 4% buffered paraformaldehyde for 1 week. Femurs were demineralized in 14% EDTA (pH 7.2) for 14 days or until all calcium was removed. The demineralized bones were washed two times in PBS for 15 min each and dehydrated in graded ethanol. Samples were embedded in paraffin and cut into 5 µ m thick sections. For a general overview, sections were stained with hematoxyline-andeosin (H&E).
Statistical analysis
All data are expressed as mean ± standard error of the mean. A statistical analysis of data was performed using the two-tailed student's t test using SPSS 16.0 for windows. Probability values (P) for significance were calculated, with P < 0.05 considered significant.
Results
Postoperative Care
All rats were capable of full weight bearing immediately after surgery, and 1 week later they returned to normal activity at a normal gait. Body weights significantly increased throughout the12-week follow-up period, which corresponded to the physiological increase seen with aging. All animals exhibited good general health status without any signs of discomfort following the initial postoperative period. One animal of the empty defect group was excluded, and subsequently replaced, due to a deep purulent infection. No other animals showed clinical signs of infection.
Radiographic evaluation
Correct positioning of the external fixator was con-firmed by postoperative x-rays. Throughout the entire examination period, all femurs retained their positioning, showing an unvaried physiological alignment of the bone. No deviation of the tissue engineered bone grafts could be observed during any of the tests ( Fig. 2A and B) . The osteotomy gap could be maintained in the empty defect group over the 12-week period (Fig. 2C and D) . No external fixation failure was observed. Qualitative assessment of the X-rays films showed bridging of the defect with new bone traversing between proximal and distal components of the cis and/or trans cortices in the treatment group at 12 weeks after surgery. The parent bone cortices remained well defined. The treatment group radiographic scores were significantly ( p < 0.05) greater than the empty defect group score at 2, 4, 8 and 12 weeks (Fig. 3) . The empty defect group did not heal or bridge during the 12 weeks of the study. In each case there was limited new bone formation at the ends of the diaphyseal bone in the defect, and no periosteal callus formation.
Histologic analysis
Histological analyses at 12 weeks revealed abundant bone formation in the healed defects, and moderately good integration of the parent diaphyseal cortices with new bone in treatment group (Fig. 4A and B) . The empty defect group showed minimal evidence of new bone formation. The defect in the empty group was found filled with fibrous con- nective tissue and muscle bellies extending from adjacent soft tissues ( Fig. 4C and D) .
Discussion
In order to study the healing of critically sized, weight bearing bone defects, it is of paramount importance to establish a fixation method that provides a constant gap size and postoperative adjustability throughout a 12 week period of full weight bearing. External fixation is an established method for healing segmental defects as it can prevent severe soft tissue damage and undesirable direct biomaterial-implant interactions. Another well-known advantage is the capacity for early weight-bearing, which is possible due to the superior stability of external fixation. The aim of this present study was to evaluate the in vivo capacities of an adjustable external fixation device for the rat femur in the stabilization of critically sized defects and tissue engineered bone grafts during a 12 week postoperative period. The fixator was used with osteotomized rat femora fragments. The in vivo use of the fixation device for experimental studies of bone repair in rats, were evaluated.
This present study confirms the results of previous investigations that have studied external fixation to eliminate interference of contacting osteotomy ends in a case of a 6 mm osteotomy gap in the rat femur (Drosse et al. 2008) . Both studies demonstrated that a 6 mm osteotomy gap consistently prevents bony healing. Therefore, the use of alternative strategies, such as tissue-engineered bone grafts, is imperative for the healing of large (≥ 6 mm) defects. BMSCs, which are readily derived from marrow, easily isolated, easily cultured, rapidly proliferated in the laboratory setting, and differentiate into the osteogenic lineage under proper conditions, have been used successfully for the generation of bone tissue (Owen 1988; Kawamura et al. 2006; Wang et al. 2007) . Several studies have established that BMSCs expanded in culture and loaded into scaffolds, are able to repair femoral segmental defect in rats (Tsuchida et al. 2003; Kirker-Head et al. 2007 ). Biphasic calcium phosphate (BCP) is an ideal scaffolding material for bone tissue engineering as it supports the osteogenic differentiation of mesenchymal stem cells, allows for osteogenesis, and forms tight bonds with the host bone tissues (Livingston et al. 2003) . Our data confirm that BMSCs expanded in culture and loaded into BCP scaffolds, are able to form bone tissue and, in this adequately fixated model, moderate defect healing occurred. All treatment group members showed a bridging callus, which indicates that a stable biomechanical environment conducive to the formation of callus was provided.
The influence of various design parameters on an external fixator's axial and torsional stiffness have been demonstrated Willie et al. 2008) . Bettina et al. have extensively investigated the influence of various design parameters (offset, pin diameter, fixator bar length, fixator bar number, fixator bar material and pin material) on the axial and torsional stiffness of the fixator in a small animal model (Willie et al. 2008) . However, these studies did not use the device in large femoral defects, where a significant compressive rigidity is necessary to prevent loss by reduction.
The most obvious advantage of the fixator is adjustability, which in addition to stability, allows for the controlled compression or lengthening at the defect site that may provide more reliable fixation and enhanced fusion rates. Immobilization of a limb in a cast or in traction for prolonged periods may result in a remodeling imbalance, wherein bone resorption exceeds the rate of bone formation (Buckalter et al. 1999) . Controlled loading of a fracture sight has been shown to stimulate callus formation, remodeling, and to accelerate restoration of bone strength (Buckalter et al. 1999) . Therefore, the moderate, controlled loads induced by the adjustable external fixator may promote the healing of defects in bone. An additional advantage is that graft insertion with the adjustable external fixator is less technically involved in comparison to the graft insertion process of other external fixator designs. In addition, the device could not only stabilize bone defects of different sizes, but could also be used for the study of fracture healing and distraction osteogenesis. A prime disadvantage of external fixation devices is the risk of pin infection. Therefore, careful postoperative management of the animal and maintenance of adequate rigidity of the fixation must be pursued throughout the course of the experiment.
In conclusion, this study has demonstrated a reliable and reproducible method for external fixation of long bones in rats for use in investigations of critically sized, weight bearing bone defect healing, especially with tissue engineered bone grafts. Our data indicate that the experimental, adjustable monolateral external fixator utilized has sufficient stability for the management of critically sized femoral defects, and provides stable fixation for tissue engineered bone grafts in small animal models.
